INTRODUCTION
The honeybee (Apis mellifera L.) is an important beneficial insect that assists in the pollination of many agricultural crops worldwide. In addition to providing pollination services, honeybees also produce honey, wax, and other diverse products (Delaplane and Mayer, 2004) . Worldwide, beekeepers have experienced an increasing loss in colonies and several pathogens have been involved in these colonies' decline, among them viruses (Evans and Schwarz, 2011) . About 24 viruses have been identified worldwide (de Miranda et al., 2013) ; among these viruses the most commonly observed and best known are Deformed Wing Virus (DWV), Black Queen Cell Virus (BQCV), Sacbrood Virus (SBV), Acute Bee Paralysis Virus (ABPV), Chronic Bee Paralysis Virus (CBPV) and Israeli Acute Paralysis Virus (IAPV), which have been described in detail by Kukielka and Sanchez-Vizcaino (2009) . Although some of these viruses produce recognizable symptoms at sufficiently elevated titers, they generally persist naturally in honeybee populations at low levels (de Miranda et al., 2013) . These viruses are transmitted horizontally from bee to bee, or vertically since viruses infect ovarian tissues of the queen and disseminate in developing eggs before oviposition (Chen et al., 2006) . On the other hand, two microsporidian species have proven to infect honeybees worldwide: Nosema apis Zander and N. ceranae Fries (Higes et al., 2006) . Both are obligate intracellular gut parasites, which cause a disease known as nosemosis. Nosema ceranae and N. apis play an important role in the epidemiology of honeybee microsporidiosis worldwide because these pathogens negatively affect productivity and survival of honeybee colonies (Botías et al., 2013) . However, in the last decade in many places of the world N. apis has been displaced by N. ceranae (Fries, 2010) ; which has been involved in honeybee colony collapse disorder . Similarly, a new intestinal pathogen called Lotmaria passim Evans and Schwarz has recently been detected in honeybees (Schwarz et al., 2015) . Nowadays, L. passim appears to be the predominant trypanosome in honeybees worldwide (Schwarz et al., 2015; Arismendi et al., 2016) . Trypanosomatids are unicellular flagellates and obligate parasites that infect different groups of hosts including mammals, plants and insects (Maslov et al., 2013) .
Beekeeping is an important activity in Chile; pollination services for fruit and seed production is estimated at US$15 million, and exports in honeybee products, mainly honey, bring in around US$27 million per year (Valdés, 2014) . Chilean apiaries are concentrated mainly in the central and south-central region of the country, with 75% of beekeeping operations located between the Metropolitan and La Araucanía Regions (Velis et al., 2009 
MATERIALS AND METHODS
Field sampling, nucleic acid isolation and cDNA synthesis A group of 50 worker bees were collected from spring 2014 to fall 2015 from 467 beehives distributed in the Metropolitan (33°26' S, 70°39' W), Libertador General Bernardo O'Higgins (34°10' S, 70°43' W), Maule (35°25' S, 71°39' W), Biobío (36°46' S, 73°03' W), and La Araucanía (38°44' S, 72°35' W) Regions. Ten honeybees were crushed and homogenized in a stomacher bag with 10 mL phosphate-buffered saline (PBS 1X) for 90 s at high speed in a Stomacher 80 Lab Blender (Seward, London, UK). These samples were centrifuged twice at 1500 g for 10 min, followed by 10.000 g for 10 min, both at 4 °C. Then, 200 μL supernatant were used for RNA isolation according to instructions provided by the E.Z.N.A. Total RNA Kit I (Omega Bio-Tek, Norcross, Georgia, USA). For DNA extraction, 200 μL pellet was ground in 1.5 mL microcentrifuge tubes using sterile plastic pestles with 350 μL CTL buffer following the E.Z.N.A Insect DNA Kit's instructions (Omega, Bio-Tek). The DNA and RNA was quantified (Infinite 200 PRO NanoQuant, Tecan Group, Männedorf, Switzerland) and stored at -80 °C.
The RNA was used for first-strand cDNA synthesis, which was performed using the M-MLV reverse transcriptase enzyme (Invitrogen, Life Technologies, Carlsbad, California, USA), according to the manufacturer's recommendations. The cDNA samples were maintained at -20 °C until the virus analysis was carried out.
Real-time PCR for pathogen detection
In order to detect the prevalence of BQCV, DWV, IAPV, SBV, ABPV, CBPV, N. ceranae, N. apis and L. passim in Chilean honeybee apiaries, real-time PCR was conducted with specific primers ( of prevalence based on positive cases regarding the total number of cases (467 honeybee hives). Total prevalence was analyzed by chi-square test (X 2 ) (p < 0.05). The prevalence of honeybee pathogens in each region (spatial analysis), and in warm (spring/summer) and cold (autumn/ winter) conditions (temporal analysis) we also analyzed by chi-square test using STATISTICA 7.0 software (StatSoft, Tulsa, OK, USA).
RESULTS AND DISCUSSION
In a 1-yr survey (autumn 2014 to summer 2015) in apiaries distributed throughout Chile and using real-time PCR with specific primers, we were able to detect that 97.2% (454/467) of the evaluated honeybee hives were infected with one or more of the pathogens under study. However, the microsporidium N. apis was not detected in any of the honeybee samples. Among the pathogens detected, the most prevalent were the viruses (420/467) and were significant higher than L. passim (290/467; X 2 = 99.25, p < 0.001, df = 1) and N. ceranae (154/467; X 2 = 319.81, p < 0.001, df = 1) Similarly, the prevalence between L. passim and N. ceranae was also significantly different (X 2 = 79.40, p < 0.001, df = 1) (Figure 1 ). The viruses BQCV, DWV, CBPV, ABPV and the parasites N. ceranae and L. passim were detected in honeybee samples from apiaries found in all of the analyzed regions and some cases, the prevalence varied significantly between these regions ( Figure 2 , Table 2 ). IAPV and SBV were not detected in any of the analyzed samples. Among the viruses analyzed, BQCV and DWV were the most prevalent (Figure 2 ). BQCV prevalence ranged from 72% (Maule Region) to 100% (Metropolitan Region) (Figure 2) . However, the prevalence was nonsignificant different in nearby localities such as Metropolitan and O'Higgins or Maule and Biobío Regions ( Table 2 ). The statistical difference in BQCV was only detected when the comparison was done from central to southern regions (Table 2) . Similarly, the DWV prevalence was significant higher in La Araucanía (46%) when the comparison was done with Biobío Region (8%) ( Table 2) . Although the DWV prevalence in the other regions was low compared to La Araucanía Region, these cases were not significantly different ( Figure 2, Table 2 ). In fact, BQCV and DWV are the two most common and prevalent virus infections in A. mellifera worldwide (Zhang et al., 2012) . In addition, DWV has been associated with honeybee colony losses, especially in overwintering mortalities in some places in the world (Highfield et al., 2009; McMenamin and Genersch, 2015) and DWV is known to be a lethal pathogen for honeybees when it occurs at high loads in association with the ectoparasite Varroa destructor (Dainat et al., 2012) . BQCV mainly affects developing queen larvae and pupae in the capped-cell stage causing the death of future queen bees (Chen and Siede, 2007; McMenamin and Genersch, 2015) . There is no clear evidence of the harmful effects of BQCV alone in adult honeybees; however, the synergistic interaction between N. ceranae and BQCV increases the mortality under controlled conditions (Doublet et al., 2015) .
Nosema ceranae was detected in all the regions. However, honey bees collected from hives in the Metropolitan and Biobío Regions were the most infected (53% and 47%, respectively) and were significantly higher than those in the O'Higgins, Maule, and La Araucanía Regions ( Figure 2 , Table 2 ). Although some studies have shown that the geographic distribution of N. apis and N. ceranae may overlap and co-infections may occur (Gisder et al., 2010) , in the present study only N. ceranae was detected in honeybee hives. On a global scale, the first report of N. ceranae infecting A. mellifera was in 2005 (Higes et al., 2006) , but it has in fact been shown that honeybee hives were infected with this intestinal parasite long before this first report (Chen et al., 2008) . In Chile, N. ceranae was detected for the first time in honeybees in 2009 (SAG, 2010); prior to this N. apis was the only causal agent of nosemosis in Chilean honeybees (Hinojosa and González, 2004) . On the contrary, the present study has shown that N. ceranae is widely distributed throughout Chile (Figure 2 ), which could suggest that N. ceranae has displaced N. apis in Chilean apiaries as it has in several populations across Europe . However, other studies have found no evidence that this replacement is occurring worldwide (Paxton et al., 2007; Gisder et al., 2010; Martín-Hernández et al., 2012) . In fact, experimental evidence has shown that mixed infections of N. ceranae and N. apis had higher spore numbers than bees with single infections, showing that there were not detected a competitive advantage for N. ceranae in mixed infections. Therefore, N. ceranae does not appear to have a strong within-host advantage for either infectivity or spore growth, suggesting that direct competition in worker bee mid-guts is not responsible for its apparent replacement of N. apis (Milbrath et al., 2015) . In another recent report in Chile, N. apis has been detected to have a low prevalence (3%) by molecular tools (Rodríguez et al., 2014) and in some cases, N. apis has not been detected at all (Bravo et al., 2014) . Considering that the use of molecular tools for identifying Nosema species is relatively recent, previous reports of N. apis infections, prior to 2009 in Chile, were carried out with light microscopy only; therefore, there is a possibility that morphological identifications mistakenly identified N. ceranae as N. apis. However, we have no honeybee samples before the SAG report (SAG, 2010) and hence, cannot test this hypothesis. Studies of detections of N. ceranae and N. apis in old-conserved honey samples in South America, with the help of molecular tools, have concluded that N. ceranae has been present in the subcontinent since before the 90s (Invernizzi et al., 2009; Teixeira et al., 2013) , indicating that N. ceranae has infected the European and Africanized honeybees in South America before it was first reported in Europe (Higes et al., 2006) .
The prevalence of Lotmaria passim was higher Biobío Region (73 %), but nonsignificantly different from sample collected in La Araucanía Region (71%) (Figure 2 , Table  2 ). The lowest percentage L. passim infection in honey bee colonies was detected in the O'Higgins Region (45%), showing nonsignificant differences from Maule Region (Figure 2 , Table 2 ). Although L. passim has recently been described as a new species infecting honeybees (Schwarz et al., 2015) , this species is currently the most predominant trypanosomatid in honeybees worldwide. This is due to the fact that many isolates initially identified as Crithidia mellificae Langridge and McGhee 1967 were reclassified as L. passim (Schwarz et al., 2015) . Trypanosomes found in pollinators, especially honey and bumblebees have become more relevant in recent years since they have shown to have negative effects on behavior, physiology, fitness and the immune system (Ravoet et al., 2013; Schwarz and Evans, 2013) . Although the role that L. passim plays in Lotmaria passim p-value X honeybee diseases is still under discussion, it is evident that new stresses caused by this pathogen could influence the dynamics of honeybee health (Arismendi et al., 2016) .
A temporal difference was also detected in the honeybee pathogens. These results showed that the viruses occur persistently in honeybee hives in spatial and temporal distribution. DWV was detected more frequent and significantly (X 2 = 6.26, p = 0.012, df = 1) in cold (84/224) than warm (63/240) conditions (Figure 3) . The data have some logic since the DWV is quite prevalent when varroa mites are present in the hive (Dainat et al., 2012) . In Chile, the highest prevalence of varroa mites occurs between late summer to early autumn. In this period, beekeepers normally realize varroa control. However, we have observed that the high prevalence of DWV can continue up to 2-mo after that control was done (data no shown). Contrary, the BQCV prevalence was higher in warm (231/240) than cold (114/227) condition (Figure 3) , and the virus level was significantly different between these periods (X 2 = 128.07, p < 0.001, df = 1). BQCV is quite common in spring-summer seasons (Chen and Siede, 2007) , since in this period the colonies are increasing their population and new queens and swarms are frequently generated; then, our data of prevalence are related to this BQCV behavior.
Both ABPV and CBPV showed prevalence slightly higher in cold (ABPV = 84/227; CBPV = 84/227) than warm (ABPV = 26/240; CBPV = 38/240), but this prevalence was nonsignificant different in both conditions (ABPV X 2 = 2.99, p = 0.084; CBPV X 2 = 0.89, p = 0.345, df = 1). The sporadic detection of both viruses during the sampling times, suggest that these pathogens are less frequent than BQCV and DWV (Figure 2 ). This information also suggests the outbreaks cases of both ABPV and CBPV in Chile are not influenced by season, but rather, by other factors no determinate in this study.
Nosema ceranae prevalence was significantly higher (X 2 = 16.72, p < 0.001, df = 1) in warm (101/240) than cold (55/227) condition. Nosema ceranae abundance generally peaked spring and summer due to beekeepers try not to do a control in this period since that antifungal (Fumagilin-B) may remain in the colony and contaminate the honey. Then, late summer the hives are regularly treated with Fumagelin-B, reducing the N. ceranae levels in cold condition, but also this difference may represent natural seasonal variation (Runckel et al., 2011) . On the other hand, L. passim infection was statistically higher in cold (154/227) than warm (139/240) conditions (X 2 = 4.92, p = 0.027, df = 1) (Figure 3) . The seasonal variation of trypanosome detected in Chile is not different to other reports in other countries; in fact, trypanosome such as C. mellificae has a similar level when it was sampled in autumn-winter seasons (Runckel et al., 2011) . However, we have not enough information about the seasonal variation since this honeybee pathogen have been recently described and reported in Chile and the world (Schwarz et al., 2015; Arismendi et al., 2016) .
Mixed infections were detected in honeybee samples, but these simultaneous pathogen infections varied according to the co-infection relationship detected (Figure 4) . The greatest number of cases (148/467) of coinfection proved to be viruses with L. passim, followed by tripartite mixed infections of viruses, N. ceranae and L. passim (105/467). There is no current evidence regarding the effect these kinds of coinfections could have on the health of honeybees or other pollinators, such as Bombus spp. Therefore, new research is required since the prevalence of these coinfections were higher than other coinfections ( Figure  4 ). In fact, mixed infections of N. ceranae and viruses were only found in approximately 9% of the evaluated beehives (41/467) (Figure 4 ). However, a synergistic effect between N. ceranae and viruses is highly plausible since honeybee viruses have often been reported simultaneously in the same host (Runckel et al., 2011) . There are e.g. synergic effects between N. ceranae and DWV on honeybee health, which is dependent, in some cases, on pathogen titers and pollen nutrition (Zheng et al., 2015) . Similarly, there were only seven cases (7/467) of mixed infections of N. ceranae and L. passim (Figure 4) . No evidence has yet been reported regarding the synergic effects of these two intestinal pathogens on honeybees. Furthermore, no research has yet reported a phenomenon of competence or displacement between Nosema spp. and L. passim, which could influence the virulence and pathogen distribution in the host. Consequently, new studies are required.
Previous studies have demonstrated the presence of viruses, N. ceranae and L. passim in specific regions of Chile and with a limited number of samples (Rodríguez et al., 2014; Bravo et al., 2014; Arismendi et al., 2016 ), but no country-level study has previously been carried out including the main apicultural regions of Chile. The results of this study demonstrate that only 2.8% of the samples evaluated were uninfected, indicating that mostly honeybee hives are infected and/or co-infected with one or more pathogens. These results have great relevance for honeybee health and show that these pathogens are widely spread throughout Chile.
The health status of beehives is a global concern (Evans and Schwarz, 2011; Maggi et al., 2016) . This study contributes substantially to our limited knowledge about the health status of Chilean beehives in relation to the studied pathologies.
CONCLUSION
The current study detected that honeybee hives distributed between La Araucanía and Metropolitan Regions were infected with one or more pathogens under study. Among these pathogens, the most prevalent were the viruses BQCV, DWV, CBPV and ABPV, followed by the parasites Lotmaria passim and Nosema ceranae. The viruses IAPV, SBV and the microsporidium N. apis were not detected. There were also detected a temporal difference in the honeybee pathogens wherein the BQCV and N. ceranae were more prevalent in spring-summer whilst DWV and L. passim was more frequents in autumn-winter season. Mixed infections were also detected in honeybee samples; thus, the greatest number of cases the coinfection consisted of viruses along with L. passim, followed by tripartite mixed infection of viruses, N. ceranae and L. passim. This study demonstrated that most of the samples evaluated were affected by viruses, microsporidian or trypanosomes, indicating that honeybee hives throughout Chile are infected and co-infected with one or more pathogens of global relevance.
